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Even much less literature exists about blisters/craters in the case of not-implanted hydrogenated a-Ge [20, 21] .
In previous studies of our group on a-Si:H layers submitted to annealing it was found that the cause of the structural degradation of the layers in the shape of blisters and craters was the change of the hydrogen bonding configuration [17] [18] [19] [20] . In this paper we investigate whether this also occurs in a-Ge:H by submitting as-deposited films with different H content to annealing. For the applications cited earlier a-Ge:H is typically deposited on Si substrates. In preliminary investigations of our own on annealed a-Ge:H/Si samples we had evidence that Fourier transform infrared (FTIR) spectroscopy also detected vibrational modes related to Si-H bonds created in the Si substrate very likely because of H diffusion.
One FTIR band of the stretching mode of the Si-H bonds exactly overlaps one of the Ge-H peaks which made troublesome and uncertain the exact evaluation of the latter ones. Since an important part of our work was to carefully study the type and density of the bonds of H to Ge we therefore avoided the use of clean Si substrates. The avoid direct contact between Ge and Si substrate the latter was not cleaned (deoxidized). On the contrary, it was covered with an SiO x layer. This was achieved by exposing the Si to the laboratory atmosphere for 1 month in order to let the native oxide to grow thicker and thicker. However, also this approach was discarded for two reasons. The a-Ge:H on SiO x /Si layers exhibited the same features, though to a smaller extent, as the a-Ge:H on Si. Additionally, when SiO x is used degassing of H 2 O and H 2 , catalyzed by the O bridging the Si atoms in SiO x , may occur with formation of morphological bubbles as reported by Valladares et al. [21] . We have thus chosen ZnSe as substrate as it is not expected to have the mentioned inconveniences and is transparent to the IR radiation.
Hereafter we use the notation Ge-H to represent germanium-hydrogen bonds in any GeH n groupings while GeH and GeH 2 are reserved to the specific single and double groupings, respectively.
. Experimental
The hydrogenated a-Ge films were deposited on polished (100) ZnSe wafers in a Leybold Z400 radio frequency (RF) sputtering apparatus from a high purity crystalline Ge target.
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The basic pressure in the chamber was 5⋅10 -5 Pa evacuated by a turbo molecular pump. The target was coupled to the RF generator operating at 13.56 MHz. The film thickness was 530 nm as measured with a Tencor AlphaStep 500 instrument. Sputtering has been performed under a mixture of high purity argon and hydrogen gases with an applied wall potential of 1500 V dc yielding a plasma pressure of 2.5x10 -2 mbar. The amount of hydrogen to be incorporated into the layers was varied by flowing it continuously into the sputtering chamber at three different partial pressures, i.e. 0.2%, 0.6% and 0.9% of the 2.5x10 front of the detector to get rid of the background. Further details can be found in Ref. [22] .
In addition to ERDA, Rutherford Backscattering Spectrometry (RBS) spectra were also collected in order to calibrate ERDA for the H content by using a Kapton foil with high H content and nominal atomic composition of C 22 H 10 N 2 O 5 . Good agreement was found between ERDA and RBS by simulating their spectra with the RBX code [23] . As it was shown, combined ion beam analytical techniques are powerful in the quantitative characterization of multi-component thin layer structures [24] .
FTIR spectroscopy was employed to study the type and evolution of the Ge-H bonds by means of a Bruker Tensor 37 spectrometer with 2 cm ) according to [25] [26] [27] [28] [29] I (cm
where α(ω) is the absorption coefficient and ω the vibration frequency, or wavenumber (cm -1 ), of that mode. α(ω) was determined by the Brodsky et al. formula for the transmittance [25] .
The integral is calculated only in the absorption mode region of interest of the Ge-H peak under study. In this paper the density of the various Ge-H bonds is evaluated by using the peaks of the stretching mode range in an FTIR spectrum. The stretching mode range includes all the Ge-H bonds [25, 28, 29] . The morphology of the sample surface was analysed by using a stylus profiler (Bruker, DEKTAK-XT). The use of a stylus profiler was dictated by the large extension (even up to some tens of micrometers) of the surface features in the annealed samples. The stylus tip was loaded with 12 mg weight and had a radius of 2.5 µm. The 3D images were recorded using a 400 µm scan length and 100x2 µm pitch. Data evaluation was done using the free software Gwyddion. A scanning electron microscope (SEM Hitachi S-4300 CFE) operated at 15 keV was also used for observation of the surface morphology of samples after annealing. are reported to typically exist in any amorphous material [36, 38, [44] [45] [46] [47] . Nanovoids in aGe as small as 0.5 nm that can host 10-20 free dangling bonds on each void surface have been reported [38] .
. Results and discussion
Thermal annealing also influences the morphology of the samples as evidenced by the formation of surface blisters. They are not detected in the unannealed samples and in 9 not-hydrogenated films regardless of any applied annealing. Fig. 4 a) is a typical stylus profiler image of such blisters. Their average lateral size increases with increasing H concentration (Fig. 5) . However, the size decreases for H = 0.9 with respect to the lower H concentrations (Fig. 5 ). This is due to the formation of craters when H=0.9 (Fig. 4 b) . The evolution of the Ge-H bonding configuration and the behaviour of the blister size upon annealing seem to suggest that they are related to each other.
The SM vibration at low wavenumber of 1885÷1890 cm -1 has to be ascribed to the presence of monohydride (GeH) bonds, as recalled earlier. The monohydrides are dispersed isolated network sites and are associated with H bonded at isolated dangling bonds and vacancies [35, 42, 43] . The FTIR peak at the higher wavenumber of 1987÷1991 cm -1 is instead associated with polymers, like GeH 2 dihydrides and polygermane chains (GeH 2 ) n , n≥2, on the internal surfaces of voids [31, 35, 42, 48] . Very likely also clusters of monohydrides, i.e. (GeH) n groups, can contribute to the second peak at high frequeny of the stretching range as reported for a-Si:H [25-28, 40, 44] . The increase of the microstructure parameter R, i.e., of the density of the GeH 2 groups and related polygermanes (GeH 2 ) n , n≥2, in the annealed samples (Fig. 3) The expected increased diffusivity of H interstitials associated with the anneal temperature can further favour their search for free Ge dangling bonds to which they can bond. It should be noted that the decrease of the strength of the low frequency SM band implies that the density of the isolated monohydrides has decreased suggesting a partial decomposition of the GeH groups. However, the GeH groups could also have undergone clustering forming (GeH) n , n>1, clusters. As said earlier, the latter ones vibrate at the same frequency as the GeH 2 bonds so that it is not possible to establish their contribution to the microstructure parameter R and how far the GeH decomposition is effective. Differently from the monohydrides, the GeH 2 groups and related chains (GeH 2 ) n most often prefer to reside on the surfaces of (micro)voids [31, 35, 42, 48] . The great increase of the concentration of the GeH 2 dihydrides upon annealing supports the hypothesis that nanovoids present in the as-deposited state have become quite larger in size as they have to accommodate a higher number of the GeH 2 dihydrides on their surfaces. As reported above, the size of the surface blisters also increases with increasing annealing time ( The formation of craters as big as the largest blisters in the a-Ge films with the H partial pressure of H=0.9 submitted to the longest (120 min) heat treatment suggests that the craters are blisters that have undergone bursting because of a too high internal pressure.
The blisters are thus cavities containing a gas. It is proposed that the gas is molecular H 2 .
The hypothesis of the presence of H 2 gas in the voids is supported by three experimental evidences. The first one is the activation energy E a for the onset of blister formation Activation energies determined as done in this work have been identified as the binding energies of the SiSi and GeGe bonds, respectively, in Si and Ge hydrogenated by H implantation leading to the conclusion that the rupture of those host lattice bonds is the initial key step for the generation of the blisters [49] . We believe that the bond of the host atom to H, i.e. Ge-H bond in our case, has to be taken into account rather than the GeGe one because the breakage of the latter does not make available any free H, which is instead necessary to make any nanocavity to start to grow. On the contrary, the break of the GeGe bonds, when annealing is applied, produces new Ge dangling bonds where H atoms can attach to instead of remaining free. Moreover, the GeGe enthalpy in a-Ge is much greater than the measured E a as it varies in the range 2.68-2.81 eV [3, 38] . suggest that the mechanism for blister formation and growth implies the simultaneous rupture of two GeH bonds and creation of the H 2 molecule. The measured E a for blistering onset is thus an effective activation energy resulting from the energy balance between these two events. Following the suggestion by Weldon et al. [11] and Bedell et al. [53] the lower E a value with respect to the expected one could be ascribed to the fact that the thermal energy supplied by annealing also serves to enhance the pressure in the nanovoids. The size increase of the latter ones is thus not merely due to the breakage of the GeH bonds (as assumed in the Arrhenius theory) but also to the increased inside pressure. This ''pressureinduced activation'' de facto reduces the value of the temperature at which the blisters start to appear on the surface [11] . It should, however, be noticed that the partial disagreement between measured and estimated activation energies can also be ascribed to the scatter of the literature data for the bonding energy of GeH,ε(GeH). The surface blisters are produced when the voids reach such a big size to cause deformation of the layer surface. The blisters thus correspond to bubbles containing molecular H 2 . They have developed from GeH 2 decorated nano-and micron-sized cavities which have increased their volume because of the increase of the inside pressure due to the thermal expansion of the H 2 gas upon annealing. Eventually, the H 2 filled cavities will lift off to such an extent to give rise to observable blisters and then craters. The latter ones supply the way for the escape of the unbound hydrogen from the samples.
Both ERDA (Fig. 1) and SNMS ( Fig. 9) supply the third experimental evidence in support of the above described processes. ERDA (Fig. 1) shows that the total H content is lower in the annealed samples with respect to the not-annealed ones for the highest H partial pressures of H=0.9 and also H=0.6 (only for 120 min anneal), i.e. in samples exhibiting craters. The most likely explanation for this behaviour is that H has left the related annealed samples.
SNMS was employed to confirm this interpretation. In order to better evidence the effect of annealing on the in-depth spatial distribution of H, annealing times shorter than those discussed so far were also applied, namely 10 min. Fig. 9 shows the typical SNMS profile of H in a sample exhibiting craters (H=0.9, annealing time 40 min) compared with the H profile in a sample for which craters were not detected (H=0.9, annealing time 10 min). At the bottom of the a-Ge layer (depth ˜500 nm) the hydrogen concentration measured by SNMS is the same as the ERDA one (21%) for both samples. In the 10 min annealed sample it stays nearly constant for the first about 200 nm above the interface to the substrate and then decreases very slowly to about 15% in the top part of the layer. On the other hand, in the sample annealed for 40 min the H continuously decreases very fast starting from the interface to the substrate being totally absent in the top 10 nm of the layer (■: blue curve). Hydrogen depletion as a consequence of annealing time is pretty evident.
The H depletion gradient increases with increasing annealing temperature. In the annealed films with surface craters the most efficient route for the escape out of H is by far by the opening of the observed craters. Escape can also take place through a network of interconnected nano and microvoids with some branch emerging at the surface. The loss of H is expected to have similarly occurred by the latter mechanism in the craters-free annealed samples, i.e. annealed for short times and/or with low H concentration. For such type of samples the SNMS result, i.e. depletion of H only in the top part of the a-Ge layer ( : black H profile in Fig. 9 ), could be ascribed to the insufficient time for H 2 to diffuse to the top surface from deeper distances. It might also be that the effective pathway of interconnected voids is made only of small voids close to the top surface because they had no sufficient time to enlarge enough to establish many connections among each other, especially to voids deeper and deeper in the a-Ge film.
. Conclusions
The origin of surface blisters and craters in annealed RF sputtered a-Ge:H films has been 
